FFLO State and Peak Effect Dynamics in CeCoIns: Magnetization Studies. 
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Magnetization measurements were performed on CeCoIns at temperature down to 30 mK with 
the magnetic field applied in three diff'erent orientations: parallel, near parallel (~ lO" rotated) 
and perpendicular to the afc-plane. For these three orientations we have observed crossover features 
in the torque/magnetization traces at fields just below Hc2, giving further evidence for the forma- 
tion of a high field Fulde-Ferrel-Larkin-Ovchinnikov (FFLO) superconducting state in CeCoIns for 
_ff II afo-plane and newly indicates that the FFLO state persists for out-of-plane field orientations. 
Furthermore, for the (near) parallel to ab-plane field configurations and T < 50 mK, we have found 
an anomalous peak effect(APE) just below the crossover field when the magnetic field is sweeping 
down from normal to superconducting state. The dynamics of this peak suggests the existence of a 
metastable phase occurring in the vicinity of the FFLO phase and raises questions about the order 
(first or second) of the transition from FFLO to the superconducting state. None of the above 
features were found in a Ceo.gsGdo. 02 Coins crystal. 

PACS numbers: 74.70.Tx, 74.25.Qt, 74.25.Ha 



The heavy-fcrmion (HP) CeCoIns is an unconventional 
ambient pressure superconductor with a critical temper- 
ature Tc = 2.3 K. 1„ ^] More recently, CeCoIns has at- 
tracted much interest owing to several unusual proper- 
ties which have never been displayed by any other su- 
perconductor. For instance, a number of studies j^, 
has established that the transition at the upper criti- 
cal field Hc2 changes from second to first-order below 
a temperature To depending on the field orientation, in 
contrast to the behavior of conventional type-II supercon- 
ductors. This fact is considered as a strong evidence that 
CeCoIns is a Pauli limited superconductor. In addition, 
there is growing experimental evidence that CeCoIns is 
the first superconductor to exhibit the inhomogeneous 
Fulde-Ferrel-Larkin-Ovchinnikov (FFLO) superconduct- 
ing (SC) state. 

In the mid-1960s, theoretical studies by Fulde and 
Ferrell0 and Larkin and Ovchinnikov0 predicted a spa- 
tially inhomogeneous state to occur within the mixed 
state of a clean superconductor in the vicinity of the up- 
per critical field Hc2- The FFLO state appears when 
Pauli pair-breaking overcomes the orbital effect. In the 
last several years, a number of type-II superconductors, 
including HF and organic compounds, have been claimed 
as likely candidates for the observation of the FFLO 
state. However, no experimental evidence has been ac- 
cepted as an unambiguous proof for the FFLO state. 
With the discovery of CeCoIns, this issue has gained 
renewed interest. Indeed, growing experimental obser- 
vations indicate the formation of the FFLO state in the 
high field SC phase of CeCoIns. For instance, heat ca- 
pacity measurements with H parallel to the a6-plane have 
identified a second-order phase transition at Hfflo{T) 
within the SC state at low temperatures and in the vicin- 



ity of i?c2|jj5|- Subsequent studies, such as thermal 
conductivity [Sj, ultrasound velocity 9j and nuclear mag- 
netic resonance ^3 have given further evidence for the 
FFLO scenario. On the other hand, results from magne- 
tization experiments are contradictorvj^ 1^ ll lj| and some 
these works have claimed absence of any anomaly asso- 
ciated with the FFLO state. HQ 

Another open issue concerns the occurrence or not of 
the FFLO phase for other field orientations, in partic- 
ular for H II c. In fact, the number of studies for this 
orientation is considerably less than for H _L c. With 
the exception of the work by Bianchi et al.lsll and a more 
recent NMR study by Kumagai et al.[13| for whose a 
possible FFLO phase was identified, no evidence for the 
formation of such state for H || c has been given by other 
studiesHHini. 

Here, we present the results of magnetization mea- 
surements performed on single crystals of CeCoIns and 
Ceo.98Gdo.o2CoIns at temperatures down to 30 mK. The 
crystals were grown by In self-flux and their phase purity 
and SC transition were checked, respectively, by x-rays 
and zero-field heat capacity experiments. 

The measurement technique used in this work is differ- 
ent from refs 0, revealing new features of the mag- 
netization of CeCoIns. Our experiments were carried 
out using a a diaphragm force magnetometer [l^ Il4l| in- 
side a plastic diluted refrigerator operating in a 20 T 
SC magnet (see details in ref. 0, The magnetic 

force on the sample was produced by a field gradient 
(630 Oe/cm < dHz/dz < 1.8 kOe/cm) superimposed 
on the main magnetic field and the sample magnetic re- 
sponse was detected by a capacitance technique. The 
contribution of the magnetic response caused by the 
torque was determined by repeating the measurement 
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with no current in the gradient coil. From one set of runs 
(with and without field gradient), we were able to extract 
the component of the magnetization parallel to the mag- 
netic field {Mz) by a simple subtraction of the contribu- 
tion of the torque from the total response for dHz/dz ^ 0. 
This is not clearly the case by cantilever measurements 
. Our experimental method is similar to ref Q but the 
force magnetometers are different. In the present work, 
the movable capacitor plate of the magnetometer is a di- 
aphragm which gives a stronger response to the torque 
than the apparatus used by Tayama et al.\l^. The data 
were taken for increasing and decreasing magnetic field 
{\dH/dt\ « 35 Oe/s) after zero-field cooling the sample 
from well above Tc- 

Figure 1 shows the capacitance response of CeCoIns 
for increasing and decreasing magnetic field at T = 30 
mK for H II c and H _L c measured with and without 
field gradient. When H || c (FIG.l (a)), the response 
for dHz/dz 7^ is due only to the magnetization (M) 
parallel to the field direction (M = M^)- (The capaci- 
tance response is constant as a function of the field for 
dHz/dz — 0.) The traces show a sharp jump at H^^ due 
to the first-order superconducting-normal state transi- 
tion (FOSNT). At lower fields we observed an hysteretic 
peak effect near 25 kOe which follows the same trend 
reported in refQ- 

For H _L c (FIG.l (b)), M is clearly not aligned to 
the field direction. The response with dH^/dz 7^ shows 
two contributions: one caused by the torque (measured 
for dHz/dz = 0) and the other due to (displayed in 
FIG. 2 (b)). For both up-sweep traces (with and without 
field gradient), the FOSNT manifests itself by a sharp 
jump at H^. The jump at in the down-sweep traces 
is smaller. The data show also the existence of a broad 
peak (that we will call anomalous peak effect (APE)) 
at Hape observed only for decreasing field. This broad 
peak is rapidly suppressed by thermal effects and it is 
absent for T > 50 mK. The inset presents data for the 
Ceo.98Gdo.o2CoIn5 crystal that we discuss later. 

Figure 2 shows the high field part of the magnetization 
traces obtained at T = 30 mK for CeCoIns. The data 
presented here are the results of the average of 4 and 7 
magnetization runs obtained for H || c and H _L c re- 
spectively. The discussed features of the averaged trace 
are also observed for each individual magnetization trace. 
For both orientations, the sharp jump due to the FOSNT 
is clearly observed for both up and down-sweep traces. 
From our data, we obtained ijj2 =49.2 kOe and = 
117.7 kOe with the hysteresis width of AHc2 « 0.4 kOe. 
Our values are in very good agreement with reported 
data in the literature. In addition, for both directions, 
we have observed a change in the monotonic variation of 
the magnetization near Hc2- This anomaly which was 
not yet reported in the literature manifests itself in the 
derivative [dM^/dH) trace by a step. The observed sin- 
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FIG. 1: Capacitance response C{H) loops for CeCoIns at 30 
mK taken with and without field gradient for H || c (Fig.l 
(a)) and H _L c (Fig.l (b)). The inset shows similar set of 
data obtained at 30 mK and 1 K for Ceo.98Gdo.o2CoIn5. 



gularity takes place at a field iJpFLO ^-s indicated by the 
vertical arrows in the figure. For H || c, -ffpFLO is found 
to be nearly independent on T . On the other hand, for 
H II c the i?FFLO is clearly shifted to higher fields for 
increasing temperature. 
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FIG. 2; High-field magnetization of CeCoIns for H || c and 
H _L c at T = 30 mK. The dotted lines emphasize the 
change in the monotonic variation of Mz{H) near Hc2- For 
H _L c, the APE is seen in the down-sweep trace. The 
respective dMz/dH traces are shown in the Fig. 2 (c) and (d). 
for two temperatures. The vertical arrows indicate i^FPLO in 
both magnetization and derivative traces. The other arrows 
indicate the direction of the field sweep. 

To further explore the existence of the FFLO phase and 
the nature of the broad peak at if ape we have performed 
additional experiments. Firstly, we repeat the measure- 
ments shown in Fig.l for the magnetic field slightly ro- 
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tated from the basal plane of the crystal. Figure 13 shows 
in the inset (a) the results for dHz/dz = up/down sweep 
traces at T = 30 mK and T = 44 niK. For T = 30 mK, 
the FOSNT occurs at Hc2 = 109.6 kOe which is con- 
sistent with a misalignment of roughly 10° with respect 
to the a6-plane 0. The -ffpFLO-anomaly (see inset (b) 
in FIG. 3) was also observed in the Mz{H) traces at 
slightly lower field than that for H _L c and the position 
of the broad peak Hape is shifted to lower field as well. 
Secondly, we performed time relaxation measurements 
at selected values of the field in the region of the broad 
peak observed for H || ab-plane and for 9 ^ 10°. Be- 
fore each measurement, the field was sweeping up to 140 
kOe, subsequently sweeping down to the target value of 
the field and then the signal was measured as a function 
of time (see inset (a) in FigE)) • The sweep rate was iden- 
tical in all these measurements. The main panel of Fig|31 
shows the time dependence of C{t) oc T{t) cx M{t) for 
two fields in the region of the peak for the 6 ~ 10° ori- 
entation. We concentrate on this particular orientation 
where the broad peak i/APE is even more pronounced 
than for H ± c (see Figs. 1 and 3) and the FOSNT is 
clearly observed for both up and down-sweep traces. But 
similar time-dependence was also found in the peak re- 
gion for H ± c. From the results displayed in Fig|3| we 
conclude that the broad peak at Hape in down-sweep 
traces for the H || ab-plane and 9 ^ 10° geometries is 
related to a metastable state. 

By mapping the T-dependence of Hc2, -ffpFLO 
and Hape, we have constructed the high-field low- 
temperature phase diagram for CeCoIns displayed in 
FIGH Results from heat capacity^ and NMR|i3, E3 
experiments are also shown for completeness. The evo- 
lution of the -ffpFLO line determined from our magnetic 
measurements is in good agreement with the line iden- 
tified by distinct techniques. Furthermore, although it 
takes place only at T < 50 mK, the Hape line has the 
same behavior as the FFLO line. 

In what follows we speculate on the origin of the APE 
found below the FFLO line for H (near)parallel to the 
a6-planes. In general, the magnetic relaxation (time de- 
pendence of the irreversible magnetization) in type-II su- 
perconductors originates from the vortex motion driven 
by the gradient in the vortex density Vn^ , in presence of 
the vortex pinning (so-called vortex creep regime). For 
our studies in the (nearly) parallel to the a6-planes field 
configurations the torque is proportional to the c-axis 
component of the magnetization Mc(t). Then, in the 
vortex creep regime, the time dependent signal C{t) oc 
T{t) oc Mc{t). Because CeCoIns is anisotropic (layered) 
superconductor, the appearance of vortex kinks along the 
c-axis and their interaction with vortex systems parallel 
to a6- planes should also be taken into account; this would 
provide the information on pinning of both in- and out- 
of-plane vortex svstemsj23j. In principle, our observation 
of the logarithmic time relaxation (see Eq. 1 below) of 
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FIG. 3: Results of C{t) for CeCoIus obtained at T = 30 mK 
for two values of magnetic field applied ~ 10° from the ah- 
planes. (a) C{H) at two temperatures. The dashed line at 
the field Hape denotes the time decay C{t). (b) Up and down 
traces of dM^/dH as a function of field at 30 mK. The arrows 
indicate ffFFLO for the two sweep directions. 
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FIG. 4: H-T phase diagram of CeCoIns for H _L c, H || 10° 
and H || c. The graph includes results from heat capacity!^ 
and NMR[l3,[li .Dotted lines are guides to the eyes. 

the measured signal C{t) ^ M{t) (FIG. 3) in the peak 
region 55 kOe < H < 80 kOe for the 9 ~ 10° orien- 
tation, agrees with the above scenario, and suggests that 
the vortex pinning efficiency is enhanced in this field in- 
terval. However, in contrast to the more conventional 
peak effect behavior observed for H || c (see Fig. 1(a) 
and Refs.Q), the APE measured for H ± c and H || 10° 
(see Fig. 1(a) and Fig. 3), takes place only under field 
decreasing at very low temperatures T < 50 mK. Be- 
sides, there is an order of magnitude difference in the 
effective activation energy values J/g {H, T) as obtained 
from the Kim- Anderson equation 16]: 



M{t) = A/o(l 



ksT t 



(1) 



Taking characteristic value ln(t/to) = 15 we 
find for the two field geometries in the peak effect re- 
gions UeiH ± c,H.peak = 6.84 T) - 10^ K and 
UeiH II c, Hpeak = 2.46 T) - 10"* K. Taking into account 
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the relatively small anisotropy 7 = {rric/mabY^'^ ~ 2 
(^3 and refs. therein) as well as nearly the same reduced 

fields (iJpeafe/ifc2) I |c = 0.5 and (7fpeafe/-H'c2)_L c = 0.58, 

our results suggest essentially different mechanisms re- 
sponsible for the peak effects measured in H || c and 
H _L c field configurations. 

In attempts to shed light on origin of the APE, we 
note that irreversible under increasing/decreasing field 
state, characterized by a glassy-like time relaxation, has 
been also reported for others spin-par amagnetically lim- 
ited superconductors such as Al 0, 0, |^ and Be 
[2^ films. Interestingly, the low temperature/high mag- 
netic field portion of the H — T plane (see Fig. 4), re- 
sembles very much the metastable H — T phases identi- 
fied in Al and Be films, where SC and normal (N) states 

coexist. [11 E m mi 

All these may indicate that the pronounced magneti- 
zation time relaxation occurring in CeCoIn5 for H nearly 
parallel/parallel to the a5-planes may be governed by dy- 
namics of coexisting SC and N domains, or possibly BCS- 
like superconducting (vortex state (VS) in our case) and 
FFLO states. Such possibility has been considered in 
the context of superfluidity of atomic fermion gases, ji^ 
Based on the experimental data of Fig. 1(b), the coexis- 
tence of N and SC domains cannot be ruled out for H ± c 
geometry, indeed. However, the results presented in Fig. 
3 for the inclined field indicate that the APE takes place 
well outside of the field hysteresis region associated with 
the FOSNT. Thus, VS-FFLO domain coexistence looks a 
more suitable scenario. The domain boundaries can act 
as additional pinning centers for vortices leading to the 
APE. If our interpretation is correct, the FFLO line may 
represent in fact a first order transition, as theoretically 
predicted :25j , giving rise to a metastable state with VS- 
FFLO domain coexistence in its vicinity. Whereas spe- 
cific heat measurements suggest the second order VS- 
FFLO transition, quenched disorder can mask the first 
order nature of the transitionji^. In fact in the closest- 
to-equilibrium magnetization data which is the up-sweep 
trace curve for 6 ^ 10° orientation (see inset (b) Fig. 
3), the peak- like (rather than step- like (Fig. 2)) character 
of the dMz/dH anomaly at -ffpFLO suggest a first order 
FFLO-VS transition. Finally, if all the features discussed 
in the text are indeed associated to the FFLO state, they 
should disappear as sample is driven away from the clean 
limit. To verify this idea we have performed similar 
experiments for Ceo.98Gdo.o2CoIn5 single crystal (inset 
of Fig. 1). According to our data, the substitution of 
Gd suppresses the FOSNT at H^. Simultaneously, the 
FFLO state (H ± c) vanishes, the peak effect becomes 
conventional and remains to higher-T, and magnetic re- 
laxation is invisible for the same temperature and time 
window (not shown) as measured for pure CeCoIns. 

In conclusion, by torque/magnetization measurements 
we have found crossing over anomalies at the vicinity of 



Hc2 that are in aCTeement with Hfflo{T) line deter- 
mined by others^, H H, for H _L c. Besides, our data 
indicates that the FFLO state persists for out-of-plane 
field orientations and reveals an APE, possibly associ- 
ated with a metastable new phase below the FFLO line. 
This results suggest that the transition at the FFLO line 
may be indeed weakly first order. We hope that the new 
results reported in this work will stimulate further exper- 
imental and theoretical studies in the vicinity of FFLO 
phase in CeCoIns. We thank A. D. Bianchi for fruitful 
discussions and Fapesp-SP, CNPq-Brazil and US DOE 
for supporting this work. 
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